Lysine methylation of histone proteins regulates chromatin dynamics and plays important roles in diverse physiological and pathological processes. However, beyond histone proteins, the proteomewide extent of lysine methylation remains largely unknown. We have engineered the naturally occurring MBT domain repeats of L3MBTL1 to serve as a universal affinity reagent for detecting, enriching, and identifying proteins carrying a mono-or dimethylated lysine. The domain is broadly specific for methylated lysine (''pan-specific'') and can be applied to any biological system. We have used our approach to demonstrate that SIRT1 is a substrate of the methyltransferase G9a both in vitro and in cells, to perform proteome-wide detection and enrichment of methylated proteins, and to identify candidate in-cell substrates of G9a and the related methyltransferase GLP. Together, our results demonstrate a powerful new approach for global and quantitative analysis of methylated lysine, and they represent the first systems biology understanding of lysine methylation.
INTRODUCTION
Posttranslational modification (PTM) of histone and nonhistone proteins by the addition of one, two, or three methyl groups to the ε-nitrogen of lysine residues is proposed to play important roles in key signal transduction pathways (Bannister and Kouzarides, 2011; Greer and Shi, 2012; Huang and Berger, 2008; Margueron and Reinberg, 2010) . Besides histone proteins, in which lysine methylation has been extensively studied, only a relatively small number of other proteins are known to be modified by lysine methylation (Huang and Berger, 2008; Su and Tarakhovsky, 2006) . However, as there are more than 50 potential lysine methyltransferases (KMTs) and approximately 25 lysine demethylases (KDMTs) in the human genome (Greer and Shi, 2012; Kooistra and Helin, 2012; Petrossian and Clarke, 2011) , it is highly likely that regulation of hundreds or thousands of proteins by lysine methylation remains to be discovered.
A common strategy for proteome-wide identification of posttranslationally modified proteins has relied on the availability of modification-specific antibodies with no dependence on surrounding residues (''pan-specific''). Such an approach has been successful for modifications including phosphorylation, acetylation, and arginine methylation (Choudhary et al., 2009; Ong et al., 2004; Zhang et al., 2005) . In contrast, this type of strategy has not been possible for lysine methylation due to the absence of truly pan-specific antibodies (Ong et al., 2004) . In addition, the ability to investigate newly discovered lysine methylation events has been limited by the difficulty and cost of raising modification-specific antibodies.
To address this challenge we hypothesized that naturally occurring methyllysine binding domains may have the combination of broad sequence specificity and high methyl selectivity required for proteomic analysis. Here we describe an affinity reagent engineered from the three malignant brain tumor domain repeats (3xMBT) of L3MBTL1 and show that it can serve as a tool for detecting, enriching, and identifying mono-and dimethylated lysine on individual proteins and on a proteomic scale. This reagent is highly specific for mono-and dimethylated lysine, and it binds to these residues with essentially no dependence on the surrounding protein sequence Min et al., 2007; Nady et al., 2012) . The 3xMBT domain can be used as a global affinity reagent to detect methylated lysine on a wide range of protein and peptide targets. We have used this approach to show that the lysine deacetylase SIRT1 is methylated in vivo by G9a (also called EHMT2 and KMT1C), and that 3xMBT can be used for screening and identifying potential G9a-methylated substrates on a large-scale protein array platform (Levy et al., 2011b) . In proteome-wide pull-down, 3xMBT specifically enriches more than 300 proteins and allows direct identification (B) 3xMBT, but not methyllysine-binding mutant 3xMBT D355N , binds to mono-and dimethylated H4K20-and p53K382-containing peptides. Western blot analysis of peptide pull-downs with GST-3xMBT and GST-3xMBT D355N and the indicated biotinylated peptides. H4 peptides: amino acids 1-23. p53 peptides: amino acids 367-388. (C) 3xMBT coprecipitates with a panel of biotinylated mono-and dimethylated peptides with varying sequences. Peptides are labeled by their methylated residues; all peptides are roughly 20 amino acids in length, with only the indicated residues methylated. (D) 3xMBT does not bind to a series of nonmethylated peptides. Pull-down experiments with the indicated peptides as in (C).
(legend continued on next page)
Molecular Cell
MBT Affinity Strategy for Lysine Methylomics of methylated lysine on a subset of those proteins. Finally, we have developed a cell-based proteomic strategy for discovering substrates of lysine methylation regulatory enzymes. We have used this strategy to identify more than 20 known and candidate substrates of the KMTs G9a and GLP (Rathert et al., 2008) in cells by examining changes in global lysine methylation following treatment with a specific inhibitor of these enzymes (Kubicek et al., 2007; Vedadi et al., 2011) . This is the first proteomewide analysis of methylated lysine. Our approach will provide a powerful new tool for studying the systems biology of lysine methylation.
RESULTS 3xMBT Recognizes Methylated Lysine with Broad Sequence Specificity
We first aimed to identify a protein domain with broad specificity for methylated lysine. Based on available structural and biochemical data Min et al., 2007; Nady et al., 2012) , we postulated that the 3xMBT domain of L3MBTL1 would be likely to act as a pan-specific reagent for mono-and dimethylated lysine. In its biological context L3MBTL1 plays a role in chromatin compaction mediated by interactions with histone 4 mono-and dimethylated at lysine 20 (H4K20me1/2) and histone H1B mono-and dimethylated at lysine 26 (H1BK26me1/2) (Trojer et al., 2007) . It also binds to methylated nonhistone proteins such as p53, pRb, and the DNA replication machinery (Gurvich et al., 2010; Saddic et al., 2010; Trojer et al., 2007; West et al., 2010) . Previous work has shown that the domain interacts with methylated lysine through a hydrophobic binding pocket, and that hydrogen bonding between the carboxylate of aspartate 355 and the methylammonium proton of mono-or dimethyl lysine confers specificity over trimethylation Min et al., 2007) . Mutation of aspartate 355 to asparagine (3xMBT D355N ) has been shown to abrogate binding to methyllysine without affecting the overall structure of the domain Min et al., 2007) . Importantly, the isolated 3xMBT domain forms no significant contacts with the side chains of amino acids surrounding the methylated residue, providing a structural basis for sequence-independent binding to methyllysine. The specificity of L3MBTL1 for physiologically relevant methylated proteins such as H4 and Rb is thought to be conferred by the 3xMBT binding to methyllysine in combination with nonmethyl-sensitive interactions mediated by regions outside of the 3xMBT domain (Trojer et al., 2007) .
We first expressed the isolated 3xMBT domain of L3MBTL1 and the 3xMBT D355N mutant as GST fusions ( Figure 1A ) and characterized their binding to methylated peptides. As in previous studies, the wild-type domain, but not the point mutant, coprecipitates with mono-and dimethylated peptides from p53 and H4, both known binding partners of L3MBTL1 ( Figure 1B and see Figure S1A online) (Min et al., 2007; Nady et al., 2012; West et al., 2010) . This interaction is largely independent of GST (e.g., Flag can be used as the epitope tag as well) and can be detected through both N-and C-terminal tagging of the domain ( Figure S1B ). 3xMBT also coprecipitates with 13 different mono-and dimethylated peptides drawn from a variety of histone and nonhistone proteins ( Figure 1C and Figure S1C ). In contrast, 3xMBT does not bind a series of nonmethylated peptides, and binds very weakly to some trimethylated peptides ( Figure 1D and Figure S1D ). We next probed 3xMBT on a peptide array displaying more than 100 unique peptides with different PTMs (Bua et al., 2009; Kuo et al., 2012) . The domain bound specifically to the 41 peptides containing mono-and dimethylated lysine, and did not bind to the dozens of unmodified peptides, peptides containing trimethylated lysine, or peptides with other PTMs ( Figure 1E ). In comparison, commercially available panmethyl antibodies tested using the same array format failed to recognize several methylated peptides and crossreacted with peptides bearing other PTMs (Levy et al., 2011b) . Together, these data demonstrate that highly preferential binding of 3xMBT to mono-and dimethylated lysine is a generalizable characteristic across diverse amino acid sequences.
Secondary modification of adjacent residues is well known to affect the binding affinity of many methyllysine binding proteins and antibodies that recognize specific methylated lysines (Bock et al., 2011; Dhayalan et al., 2011; Fuchs et al., 2011; Levy et al., 2011a; Ramó n-Maiques et al., 2007; Rothbart et al., 2012; Varier et al., 2010) . To test whether nearby lysine acetylation, serine phosphorylation, and arginine methylation events influence binding of 3xMBT to mono-and dimethylated lysine, peptide pull-down assays were performed with 3xMBT and a series of singly or doubly modified peptides (Figures 2A-2E ; see Figures S2A-S2E for peptide loading controls). Consistent with previous reports , phosphorylation on a C-terminally adjacent serine decreased, but did not eliminate, binding of 3xMBT to mono-or dimethylated lysine (Figures 2A  and 2B ). Arginine methylation one or two residues removed from the lysine methylation site had little effect on binding by 3xMBT ( Figures 2C and 2D) . Similarly, acetylation of a neighboring lysine and phosphorylation of an N-terminally adjacent serine did not affect 3xMBT binding ( Figure 2E ). We conclude that 3xMBT preferentially recognizes mono-or dimethylated lysine even in the presence of several different types of common secondary PTMs.
3xMBT Recognizes Methylated Proteins by Far-Western Analysis and in Pull-Down Assays Two common uses of modification-specific antibodies are western blotting and immunoprecipitation (IP). We therefore asked whether the 3xMBT domain could be adapted in lieu of an antibody for these types of techniques. In far-western assays, 3xMBT, but not 3xMBT D355N , detected histones from purified HeLa nucleosomes ( Figure 3A ) and calf thymus histones (E) 3xMBT binds preferentially to diverse mono-and dimethylated peptides. Microarrays spotted with more than 100 distinct histone and nonhistone peptides as indicated in the array key on the right were probed with GST-3xMBT. Red spots indicate positive binding. 3xMBT does not bind unmodified peptides, trimethylated peptides, or peptides bearing other posttranslational modifications. *H3K79 peptides have low solubility and therefore are not transferred efficiently to the array surface. See also Figure S1 .
( Figure 3B , Figures S3A and S3B) , suggesting that the intact methyllysine binding pocket specifically recognizes endogenous methylated histones.
To test if the far-western signal is indeed specific for methylated lysine, we probed for in vitro methylation of recombinant proteins. 3xMBT, but not 3xMBT D355N , detected recombinant p53 when monomethylated at lysine 382 by SET8 (also named PR-Set7 and SETD8), similar to a previously described antip53K382me1 antibody ( Figure 3C and Figure S3C ) (Shi et al., 2007) . This binding is lost when the methylation event is blocked by mutating p53 lysine 382 to arginine, by using a catalytically inactive SET8 mutant, or by withholding the methyldonating cofactor S-adenosyl methionine (SAM) ( Figure 3C and Figure S3C ). Similarly, 3xMBT recognizes recombinant H3 in a far-western assay when H3 is dimethylated by G9a at lysine 9 ( Figure 3D ) (Shinkai and Tachibana, 2011) . Based on these data we conclude that the 3xMBT can be used in farwestern assays to detect various mono-and dimethylation events.
We next asked whether 3xMBT could specifically capture methylated proteins from cellular extract. Immobilized 3xMBT precipitates both H3 (an abundant methylated protein) and p53 (a low-abundance methylated protein) from nuclear extracts ( Figure 3E ). To test if the pull-down by 3xMBT is methylation dependent, pull-downs were conducted using nuclear extract from 293T cells cotransfected with the KMT SETD6 and its substrate RelA; SETD6 monomethylates RelA at lysine 310 (RelAK310me1) (Levy et al., 2011a) . RelA was precipitated by 3xMBT in a manner dependent upon intact K310 and expression of wild-type SETD6 ( Figure 3F ). Similar results were observed in 3xMBT pull-downs of methylated p53 from cells overexpressing p53 and SET8 (Figure S3D ). Taken together, we conclude that 3xMBT can be used to affinity purify methylated proteins from cellular extracts.
Utility of 3xMBT to Identify Previously Uncharacterized Methylation Events
As the generation of site-and state-specific antibodies for the analysis of candidate novel lysine methylation events is expensive and often challenging (Egelhofer et al., 2011; Fuchs et al., 2011) , we reasoned that the 3xMBT domain could serve as a readily available and inexpensive reagent to initiate investigation of newly identified methylated proteins. Through in vitro screening of a panel of enzymes as described in Levy et al. (2011a) , we found that the KMT G9a methylates the NAD-dependent lysine deacetylase SIRT1 at lysine 622, a previously uncharacterized modification event (Figures 4A and 4B; data not shown). We next asked whether G9a catalyzes this reaction in vivo. We prepared extracts from 293T cells expressing G9a and 3xFlag-SIRT1 or 3xFlag-SIRT1 K622R for pull-down assays using 3xMBT and 3xMBT D355N affinity resins. We found that 3xFlag-SIRT1 is specifically precipitated by 3xMBT, but not 3xMBT D355N , only when G9a is coexpressed and the SIRT1 target lysine K622 is intact ( Figure 4C ). These data indicate that SIRT1 is methylated by G9a in cells and demonstrate how 3xMBT can be used to uncover and characterize new biological methylation events without requiring the time-and cost-consuming generation of a methyl-specific antibody.
We next asked whether 3xMBT could be used to identify other potential G9a substrates in the context of an on-chip protein array methylation system that we previously described (Levy et al., 2011b) . On-chip in vitro methylation assays using recombinant GST-G9a SET domain, or as a negative control, GST alone, were performed on Invitrogen ProtoArrays bearing 9,500 unique recombinant human proteins ( Figure 4D ). Methylated proteins were detected by probing the arrays with Flagtagged 3xMBT, followed by a-Flag antibody and fluorescent secondary antibody. Using a very strict threshold (see the Supplemental Experimental Procedures) followed by manual inspection, we identified 112 proteins that were detected by Flag-3xMBT on the G9a-methyated array but not on the control array, indicating that these hits are potential G9a substrates (Figures 4D and 4E;  Table S1 ). Previously, G9a targets could not be identified in the protein array format using antibodies because of restricted affinity of antibodies recognizing dimethylated lysine, the state catalyzed by G9a. Thus, our results demonstrate that 3xMBT can be used in combination with a protein array platform to elucidate candidate substrates of mono-and dimethyltransferase KMTs.
We note that several previously reported G9a targets were not detected in the ProtoArray experiment, likely due to a combination of limitations associated with protein array approaches, including (1) absence of the target, (2) presentation of substrates in vitro on arrays versus in cells, and (3) other inherent issues with protein arrays such as candidate substrates being truncated proteins or improperly folded (Levy et al., 2011b) . Thus, in vitro protein array approaches are likely to be most effective in helping focus on substrates when combined with other strategies, such as chemical biological approaches (Islam et al., 2011 (Islam et al., , 2012 and cell-based assays for KMT substrate identification, such as the proteomic strategy described below.
3xMBT Enriches the Methyllysine Proteome
We postulated that we could apply quantitative mass spectrometry in combination with the differential methyllysine recognition D355N , recognizes endogenous histones in far-western assays. Farwestern analysis of (A) purified HeLa nucleosomes and (B) purified calf thymus histones serially diluted to the indicated quantities and probed with GST-3xMBT and GST-3xMBT D355N . Binding of GST fusion proteins was detected with a-GST antibody. *H3 indicates an H3 degradation product that migrates near H4. H3 blots are shown as a loading control. (C) 3xMBT, but not 3xMBT D355N , specifically detects monomethylated p53 by far-western. In vitro methylation reactions with wild-type SET8 or catalytically inactive SET8 D338A on recombinant wild-type p53 or p53 carrying K382R substitution (p53 K382R ) were probed with a-p53K382me1 antibody as previously described (Shi et al., 2007) or the indicated GST fusion as in (A). Cofactor SAM was included in the reactions as indicated. Coomassie stain of p53 is shown below as a loading control. (D) 3xMBT, but not 3xMBT D355N , specifically detects recombinant H3 dimethylated at lysine 9 (H3K9me2). In vitro methylation reactions of recombinant H3 with recombinant G9a SET domain, detected as described in (C). Total H3 is shown as a loading control. (E) 3xMBT, but not 3xMBT D355N , precipitates known methylated proteins H3 and p53 from HeLa nuclear extract (NE). Western blot of GST-3xMBT and GST-3xMBT D355N NE pull-downs probed with the indicated antibodies. (F) 3xMBT, but not 3xMBT D355N , precipitates methylated RelA from cells. Pull-down assays of NE from 293T cells coexpressing SETD6 (or two different negative control constructs, the second of which is indicated by the asterisks) and wildtype RelA or RelA carrying K310R substitution (RelA K310R ) and probed with the indicated antibodies. a-RelAK310me1 antibody was previously described (Levy et al., 2011a) . See also Figure S3 . (B) G9a methylates SIRT1 at lysine 622. Autoradiograph of in vitro methylation assays on SIRT1 and SIRT1 K622R using recombinant G9a SET domain. (C) 3xMBT, but not 3xMBT D355N , precipitates methylated SIRT1 from cells. GST-3xMBT or GST-3xMBT D355N pull-down assays as in Figure 2E of NE from 293T cells expressing 3xFlag-SIRT1 or 3xFlag-SIRT1 K622R and G9a or control vector. Pull-downs were probed with anti-Flag antibody to detect SIRT1. (D) 3xMBT detects G9a-methylated substrates on protein microarrays. Representative blocks of human Invitrogen ProtoArrays methylated in vitro using GST alone (left) or GST-tagged recombinant G9a SET domain (right). Methylation was detected by probing the arrays with 3xFlag-3xMBT, followed by a-Flag antibody and species-matched fluorescent secondary antibody. Magnified regions show examples of G9a-methylated proteins detected by Flag-3xMBT. A list of all candidate G9a-methylated proteins is shown in Table S1 . (E) Scatterplot comparing GST array signal-to-noise ratio (SNR) and G9a SNR for ranked ProtoArray hits shown in Table S1 .
properties of 3xMBT versus the 3xMBT D355N mutant to enrich an entire lysine methylation proteome (see schematic, Figure 5A ). To this end, we first performed protein pull-downs from nucleoplasmic extract of 293T cells using the 3xMBT domain or the 3xMBT D355N negative control. In multiple independent experiments, 3xMBT consistently captured more proteins than 3xMBT D355N (Figure 5B ), indicating that the intact methyllysine binding pocket is responsible for a large fraction of bound proteins.
We next used stable isotopic labeling by amino acids in cell culture (SILAC) (Ong et al., 2002) and liquid chromatographytandem mass spectrometry (LC-MS/MS) to quantitatively measure proteins enriched by binding to 3xMBT relative to the 3xMBT D355N negative control (see schematic, Figure 5A ). This experiment consisted of protein pull-downs in which immobilized 3xMBT or 3xMBT D355N was incubated with proteins containing either L-lysine/L-arginine or D 4 -L-lysine/ 13 C 6 -L-arginine (''light'' and ''heavy'' respectively), and proteins bound in each pull-down were combined for analysis by LC-MS/MS. We conducted ''forward'' and ''reverse'' labeling experiments in which 3xMBT was matched with heavy or light lysate, respectively, and only proteins observed in both labeling directions were included in the data set for downstream analysis. The entire label swap experiment was conducted twice to determine interexperiment reproducibility (total of four mass spectrometry analyses). A total of 544 proteins were identified in at least one pair of label-swap experiments. The SILAC ratio for 3xMBT pull-down relative to 3xMBT D355N was highly correlated between the two experiments (R 2 = 0.86, Figure 5C ), showing that enrichment is quantitative and reproducible. We found that a large fraction of proteins were quantitatively enriched by 3xMBT relative to 3xMBT D355N . For example, 313 of the 544 proteins (57.5%) were enriched at 2-fold by 3xMBT versus the mutant, while only 3 of 544 proteins (0.6%) exceeded that threshold in the other direction ( Figure 5D ; Table S2 ). For comparison, 0.4% of proteins identified in the input material fell outside a SILAC ratio of 2. These data strongly argue that the proteins identified in the 3xMBT pull-down are enriched in a methyl-dependent manner.
For functional analysis of enriched proteins, we used the set of 313 proteins enriched 2-fold by 3xMBT. Gene Ontology (GO) and the STRING protein interaction database were used to identify biological functions and protein complexes overrepresented among enriched proteins relative to their frequency among proteins identified in the input material (see the Experimental Procedures). Overrepresented GO terms include mRNA processing (enriched at 2.9-fold, p = 7e-20), transcription (2.1 fold, p = 1.5e-4), and RNA and DNA helicase activity (enriched at 4.3-fold and 4.0-fold, p = 0.014 and 0.011) (all p values Bonferroni corrected, Table S3 ) (Huang et al., 2009a (Huang et al., , 2009b . Analysis of protein interactions using the STRING Database shows that proteins bound by the 3xMBT domain group into related clusters ( Figure 5E ) (Szklarczyk et al., 2011) , the largest of which is composed of proteins involved in RNA processing. Smaller clusters include the DNA replication-associated minichromosome maintenance helicase complex, proteins involved in the DNA damage response, and a number of chromatin-modifying complexes.
Quantitative Analysis of the Dynamic Methyllysine Proteome A powerful application of proteome-wide analysis is identification of dynamic lysine methylation during biological processes or in response to inhibition of a KMT or lysine demethylase. To determine whether this approach can be used to identify candidate methyltransferase substrates in their cellular context, we treated 293T cells with UNC0638, a potent and selective inhibitor of the KMTs G9a and GLP (Vedadi et al., 2011) . We confirmed that levels of the G9a target H3K9me2 were reduced in cells treated with the drug (Figure 6A ). Triple SILAC labeling coupled with quantitative mass spectrometry was then used to identify changes induced upon drug treatment among the proteins specifically captured by 3xMBT from cytoplasmic, nuclear, and chromatin fractions (see schematic, Figure 6B) . First, the analysis identified an additional 370 proteins enriched by 3xMBT compared to 3xMBT D355N in two biological replicates (Table S4 ; Figure S4A ). These proteins are strongly enriched for functions in mRNA splicing, translation, and cell cycle ( Figure S4B ), and they span the cytoplasmic and nuclear compartments ( Figure S4C ). Among enriched proteins were 23 candidate G9a/GLP substrates showing reduced association with 3xMBT in response to UNC0638 treatment (Table S4) . A known G9a substrate, the protein WIZ, has one of the highest scores in this analysis (Rathert et al., 2008) (Figures 6C and  6D ; Table S4 ). Among candidate substrate proteins, DNA ligase 1 (LIG1) scores especially strongly and contains the amino acid sequence ARKT, an optimal target site for G9a (Rathert et al., 2008) (Figure 6E ; Table S4 ). Of the 23 candidate substrates, the majority are not present or intact on ProtoArrays, though two hits, MTA1 and RBM15, showed G9a-dependent signal on the protein arrays ( Figure S4E ).
Multiple methylation sites present on H3 besides K9 (e.g., H3K4) are not perturbed in response to UNC0638 treatment (Vedadi et al., 2011) . Thus, the amount of H3 captured by 3xMBT does not decrease appreciably in our analysis, and the specific peptide containing K9 after trypsin digestion is not amenable to LC-MS/MS analysis. In addition, we did not reliably detect peptides from other potential G9a substrates, such as SIRT1 (see above) or G9a itself (Rathert et al., 2008) , due to limitations in the sensitivity and dynamic range of the mass spectrometer-a limitation of available technology and not inherent to 3xMBT as a proteomic tool. However, direct investigation of low-abundance peptides identified that 3xMBT capture of a peptide from ACIN1, a known G9a substrate (Rathert et al., 2008) , was decreased strongly following inhibitor treatment ( Figure S4D ). Taken together, the combination of the 3xMBT strategy, SILAC-based quantitative mass spectrometry, and chemical inhibition of KMTs has allowed us to identify many known and candidate physiologic substrates of G9a and GLP, and argues that such an approach can generally be used to study lysine methylation dynamics at a proteomic level (see the Discussion).
Direct Identification of Methylated Proteins
Proteins identified in our 3xMBT pull-down experiments are being enriched in a methyl-dependent fashion, indicating that they are either directly methylated or in a complex containing a Figure 5 . Protein Pull-Down using 3xMBT Reproducibly Enriches for the Methyllysine Proteome (A) Protocol schematic for proteome-wide capture and identification of candidate methylated proteins using 3xMBT. Peptides derived from specifically enriched proteins show a distinctive signal in the SILAC label associated with 3xMBT, while peptides from nonspecifically bound proteins (equal binding to 3xMBT and 3xMBT D355N resins) have the same intensity in both SILAC conditions. (B) Abrogating the methyllysine binding site of 3xMBT greatly reduces the amount of protein captured from nuclear extract. Shown is silver stain of total proteins present in GST-3xMBT and GST-3xMBT D355N pull-downs from 293T nuclear extracts. Asterisk indicates GST fusion band. (C) Specific proteins are reproducibly and quantitatively enriched by 3xMBT relative to 3xMBT D355N . Axes represent the quantitative ratio (log base 2) for 3xMBT over 3xMBT D355N in independent experiments. Each point represents a protein identified in both experiments, and enrichment in these experiments is correlated with R 2 = 0.86.
(legend continued on next page)
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MBT Affinity Strategy for Lysine Methylomics methylated protein(s). To determine specific methylation sites, we analyzed the LC-MS/MS data for peptides directly showing methylation of enriched proteins. One hundred and two modified peptides were detected within the 3xMBT pull-down experiments using MaxQuant software. However, automated identification of methylated lysine by MS/MS is particularly difficult because the mass shift for methylation is identical to the difference between certain pairs of amino acids (e.g., glycine and alanine). Therefore, to rule out any potential MaxQuant-indicated false positives we manually verified the MS/MS spectra from the 102 potentially modified peptides (see the Supplemental Experimental Procedures for false-discovery rate calculations) (Nichols and White, 2009). We also conducted an independent 3xMBT pull-down from cells metabolically labeled with D 3 13 C-L-methionine. The isotopic label adds 4 Dalton to posttranslational methylation, giving it a distinctive mass shift. We identified a total of 26 lysine residues that are unambiguously methylated using strict criteria set to rule out any potential false positives: 18 as monomethyl, 3 as dimethyl, and 5 as both mono-and dimethyl (Table 1 and Table S5 ; Figure S5 ). In every case, the highest-scoring match for each methylated peptide was observed with the isotopic label corresponding to capture by 3xMBT as opposed to 3xMBT D355N . Notably, 21 of the 26 methylated residues have not been previously reported. Many additional real methylation events on proteins identified following pull-down with 3xMBT are almost certainly present in our data (D) Most proteins identified following enrichment by 3xMBT (60%) are specifically enriched by the methyllysine binding domain. Probability density plots show 3xMBT enrichment for all 544 identified proteins identified in pull-down experiments compared to the SILAC ratios of proteins identified from input material. (E) Proteins enriched by 3xMBT tend to be functionally related based on protein interaction networks. The diagram shows all high-confidence protein-protein interactions from the STRING interaction database between proteins enriched to at least 2-fold by 3xMBT relative to 3xMBT D355N . See also Table S2 and  Table S3 . (B) A schematic diagram of the proteomic experiment. Cells grown in ''light'' or ''heavy'' media were treated with DMSO or the G9a/GLP inhibitor UNC0638 and combined prior to extracting proteins from cytoplasmic, nuclear, and chromatin fractions. Cell prepared in ''medium'' media were treated with DMSO, processed, and fractionated in parallel. Light/heavy extracts were subjected to pull-down by 3xMBT, while ''medium'' extracts were subjected to pull-down by 3xMBT D355N . Bound proteins from each fraction were combined and analyzed by LC-MS/MS. (C) Identification of dozens of candidate in-cell substrates of G9a/GLP. Many proteins show decreased association with 3xMBT following 24 hr treatment of 293T cells with UNC0638 relative to DMSO treatment. Only proteins that were also enriched by 3xMBT relative to 3xMBT D355N are shown. Axes show log 2 ratios for levels from vehicle control over treated cells, and each axis represents an independent biological replicate. (D) MS1 spectrum showing that the amount of WIZ, a known G9a substrate, captured by 3xMBT from cell lysate is reduced following treatment with UNC0638. The source of the relevant peak is indicated. (E) MS1 spectrum showing reduction in LIG1 captured by 3xMBT following treatment with UNC0638 as in (D) . See also Figure S4 and Table S4. and could be identified by additional approaches (see the Discussion). Taken together, our results highlight the power of using native methyllysine-binding domains as affinity reagents in combination with quantitative mass spectrometry to reveal novel methylation events.
DISCUSSION
Lysine methylation is a modification that has been extensively characterized on histone proteins but about which relatively little is known in the context of nonhistone proteins (Su and Tarakhovsky, 2006) . Notably, there are more than 50 candidate KMTs and 25 KDMTs in the human genome, and the majority of these enzymes are implicated in the etiology of diverse human diseases (Greer and Shi, 2012; Kooistra and Helin, 2012; Petrossian and Clarke, 2011; Varier and Timmers, 2011) . However, the physiologic substrate specificities for many of these KMTs have yet to be discovered, highlighting the need for proteomic strategies to identify novel methylated proteins (Luo, 2012) . Prior to our work, a robust method to characterize lysine methylation on a proteome-wide scale had not been reported. Traditional proteomic approaches have been unable to address these questions because of the difficulty in developing pan-specific antibodies for methylated lysine that have the high selectivity and broad specificity required for proteome-wide analysis. Bioinformatics analysis of a high-throughput proteomics data set has identified methylation occurring on a number of abundant proteins in yeast (Pang et al., 2010) , further supporting the notion that methylation is a common regulatory modification and complementing the strategy described here to experimentally enrich methylated lysine.
In the present study we have shown that the naturally occurring 3xMBT domain from L3MBTL1 can be engineered as a general affinity reagent recognizing mono-and dimethylated lysine. 3xMBT is able to detect several known methylation events in vitro and in cells, and its methyl selectivity and lack of sequence specificity, along with the point mutant negative control, make it a powerful tool for proteome-wide enrichment of protein complexes containing methylated lysine. Global proteomic analysis using 3xMBT shows that this PTM occurs widely across the proteome and is likely involved in a much broader range of biological processes than previously realized. Further, we applied the characterization of cellular lysine methylomes to demonstrate how this strategy can be combined with a chemical biological approach to identify new candidate substrates of the KMTs G9a and GLP. Although some known G9a substrates were identified, a change in overall mono-and dimethylation of histone H3 was not observed. This highlights the constraint that total methylation may not change appreciably when a protein is methylated at high levels on multiple lysine residues or by several KMTs. Regardless, the proof of concept shows that this strategy can be applied to elucidate physiologic substrates of the numerous known and orphan lysine methyltransferases and demethylases present throughout eukaryotic genomes.
3xMBT complements existing tools and strategies for studying lysine methylation, such as radioactive labeling of the methyl moiety and use of methylation-specific antibodies. The 3xMBT domain can be reproducibly expressed in E. coli, and production of the domain from a recombinant plasmid allows epitope tags and detection strategies to be quickly exchanged, increasing the functionality of the domain when a particular tag is incompatible with the rest of the experimental design.
Though the domain does not appear to prefer specific amino acids at flanking positions, it does appear to require the presence of flanking residues for efficient binding; it prefers methylated lysine centered within a peptide rather than at the terminus (K.E.M., S.M.C., and O.G., unpublished data). This prevents our approach from being applied to trypsin-digested peptides, rather than proteins, in the manner often used for proteomic Table S5 . See also Figure S5 .
analysis of modifications such as acetylated lysine (Choudhary et al., 2009 ) and phosphorylated tyrosine (Zhang et al., 2005) . We postulate that alternative strategies for protein digestion may generate longer peptides that are more suitable for direct capture by 3xMBT, allowing direct identification of more methylated residues. We envision that the use of native broad-specificity methyllysine binding domains can be expanded beyond the 3xMBT of L3MBTL1 to provide new tools to distinguish between mono-and dimethylated lysine, and to study trimethylated lysine. For example, the 3xMBT domain can be engineered to be selective for binding to only monomethylated lysine or only dimethylated lysine . Specifically, Nady et al. found that mutating threonine 411 to glutamine results in a preference for monomethyl lysine, while mutating leucine 361 to phenylalanine results in a preference for dimethyl lysine. In addition, multiple domains could be combined to generate ''poly'' domain reagents with defined or expanded specificity; this approach might be most helpful for detection of trimethylated proteins, as we have yet to identify a highly sequence promiscuous trimethyllysine binding domain (K.E.M., S.M.C., and O.G., unpublished data). The 3xMBT domain represents a tool for rapid analysis of methylated lysine. It can be applied to any organism or biological system and will be applicable to measurement of lysine methylation dynamics during biological processes or resulting from perturbations such as inhibition, knockdown, or overexpression of a KMT. Global proteomic analysis will be a powerful tool to investigate the biological function of lysine methyltransferases and demethylases, especially in the many cases in which physiological targets of these enzymes have not yet been determined. Quantitative studies will help to integrate lysine methylation into broader signaling networks and contribute to a fuller understanding of how protein lysine methylation regulates diverse cellular processes.
EXPERIMENTAL PROCEDURES Materials
The three MBT repeats of L3MBTL1 (amino acids 190-530 of accession NP_056293.4) were expressed as a GST fusion from the pGEX6P1 vector . Recombinant proteins were expressed and purified as previously described .
MBT Far-Western and Protein Pull-Down
For far-western assays, proteins were separated by SDS-PAGE and transferred to a PVDF membrane. Following blocking, membranes were incubated overnight with the indicated domain. Domain binding was determined using an epitope tag-specific antibody and appropriate HRP-conjugated secondary antibody.
GSH-Sepharose-coupled domain beads were generated for pull-down by incubating GSH-Sepharose resin with E. coli lysate containing sufficient 3xMBT for bead saturation. Bead-coupled 3xMBT was incubated with nuclear extract overnight, and proteins that precipitated with the resin were analyzed by SDS-PAGE.
SIRT1 Screen and Characterization of Methylation
Recombinant GST-SIRT1 was expressed by baculoviral transduction of the Sf9 insect cell line as previously described (Levy et al., 2011a) . A panel of enzymes was tested for ability to methylate recombinant SIRT1 using 3 H-SAM in in vitro methylation reactions (Kuo et al., 2011) . SIRT1 K622R was generated by site-directed mutagenesis (Stratagene). For the pull-down experiment, 293T cells were transfected with a 10:1 enzyme:substrate DNA ratio. Nuclear proteins (150 mg) were used for pull-downs with 3xMBT-or 3xMBT D355N -coupled GSH-Sepharose as described above.
Protein Array
Assay was conducted as previously described (Levy et al., 2011b) . Briefly, a ProtoArray (Invitrogen, version 5.0) was incubated overnight with 50 mg of GST or recombinant GST-tagged G9a SET domain and the cofactor SAM. Methylation was visualized by probing with 3xFlag-3xMBT, followed by a-Flag M2 antibody and an a-mouse fluorescent secondary antibody.
Protein Pull-Down and Mass Spectrometry Protein pull-downs were performed as described above using 600 mg of nuclear extract prepared with isotopic labels as indicated. After eluting with glutathione, 3xMBT domain was removed by dialysis into high salt and rebinding to GSH-Sepharose. Bound proteins were separated by SDS-PAGE and analyzed by in-gel tryptic digest followed by LC-MS/MS. Peptides were identified using MaxQuant version 1.2.2.5 (Cox and Mann, 2008) , and candidate methylated peptides were verified by manual inspection. 
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